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SUMMARY 

The theoretical sea-level performance of an explosion jet- 
propulsion engine siLiilar to the one used in the German flying 
"bomh was computed to show the effects on performance of heat added 
and supercharging and a comparison was drawn "between the perform- 
ance of the explosion Jet -propulsion engine and the constant- 
pressiu-e jet-propulsion en^gine . The explosion jet-propuJLsion 
engine was found to he more efficient than the constant -pressure 
jet-propiiLsion engine at com-pressor pressure ratios telow 3.0 
when the maximum gas temperature of the constjnt- pros sure engine 
is 1600^ F. With more efficient compressors and higher gas temper- 
atures, however, the const ant -pros sure jet -propulsion engine is 
more efficient. The compressor for the constant -pressure Jet- 
propulsion engine ahsorhs more power than the compressor for the 
explosion jet -propulsion engine when the two engines develop the 
same power. 



BITRODUCTION 

The most widely known and successful Jet-propulsion engine 
consists of a centrifugal compressor, a constant -pressure ccm- 
"bustion chamher, and a tiirhine to extract enough energy from the 
hot gas to drive the compressor. (See reference 1 and fig. 1(a).) 
The cycle efficiency of this type of engine is limited indirectly 
hy a comparatively low maximum permissible gas temperature of 1600^ F 
at the turhine to prevent destruction of the turhine hlades. Fur- 
thermore, a highly efficient compressor capable of producing a 
pressure ratio of 4 or more is required. 

A method of circumventing these limitations of the turhine 
and compressor is to use an explosion jet-propulsion engine in which 
the air is inducted at low pressure into a vessel, exploded to generate 
a high pressm-'e, and expelled through a nozzle. (See fig. 1(h) •) 
This type of propulsion engine was patented by Marconnet in 1909 and 
later patented by Schmidt in 1951 (reference 2). The Schmidt patent 
describes the type of engine used by the Germans to propel their 
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flying bombs against Englan^l. Mention is ^Iso trade of this typo of 
cncino in referoncu 3. 

The explosion type of engine is not liraited in cycle tempera- 
tures and may use a fuel -air ratio to give the nazlmun temperature 
possible in the combustion of air; furthermore, it does :aot rjc^uire 
ii ccmpresPiOr, althoijgh a ccmpropsor improves its perfcr^icncc . 

This report prescntc the results of cilculations shewing the 
perfom.ance of an explosion jet-propulsion engine* The rffccts of 
supercharging on cycle efficiency and propulsive off ioieaoy wore 
computed and a conparison of the sea-level performance of the super- 
chr;rg'v.d explosion ,iot -prcpulsion engine and the co2i3cant-pres3are 
jet -propulsion eng-jne vas made. A- schematic diagram of the super- 
charged engine is shown in figure l(c). 

The computations were made at the NACA Aircraft Engine Research 
Laborritory, Cleveland, Ohio, during Ecbruary and iMarch 1944, as^a 
part of an investigation of means of increasing the cycle efficien- 
cies of jet-propulsion engines. 

DESCEIPTIOIT OF THE EXPLOSION JET -PROPULSION ENGINE 

The simple type of explosion jet-propulsion engine used in the 
German flying bombs is shown diagrammatically in figure 1(b). A 
combination of the dynamic pressure resulting from the forward motion 
of the flying bomb and the inertia effects of the previous charge 
being oxp^jllud from the combusion chamber serves to induce a charge 
of frosh air tlircugh the intake valve at the front. Fuel is sprayed 
into the combustion chamber and a spark plug ignites the mixture. 
The increasing pressure closes the valve and rises to a high value, 
which causes a rapid expulsion of the charge rearward and thereby 
generates the propulsive tlnrust » An idealized sketch of a captured 
German flying bomb using this typ^^ of propulsion engine is shown in 
figure 2. 

Inspection of the thermodrmamic cycle of the explosion jet- 
propulsion engine shows that both the cycle efficiency and the power 
can' bo increased by supercharging. Consequently, consideration was 
givv.n to the more ulaborato explosion jet-propulsion engine shown 
in figure 1(c), In this type of engine, a centrifugal :;.uporcharger 
delivers compressed air to a battery of combustion chambers p2.^ovided 
with intake valves and possibly with exhaust valvus. An auxiliary 
engine drives the supercharger. 



ASSUl^'IED COinEDITIONC FOR CALCUL/.TI0N3 



The calc illations 'rere made for the supei-charged engine shown 
in figure 1(c), assuming a compressor efficiency oi 70 percefet and 
a compressor driving motor having a thermodynamic cycle efficiency 
of 60 percent. The assumed efficiencies of the turbine and the com- 
pressor in the constant-pressure .jet-propiilsion en^^ine i-^-^ore 80 and 
75 percent, respectively. No other losses v/cre considered. 

The following operating conditions ^^rere assumed: 

Altitude Sea level 

Atmospheric tem.perature , 100 

Velocity of aircraft, miles per hour 400 

Gas temiperature before turbixie, I6OO 

The combined eific?.eiicy of the exolov'^ion jet-propulsion engine 
AH.s computed tor a ranKC of hr?at supplied per pound of air (fuel- 
air ratio) from 0 to 7^?0 Btu per pound. These calculations viexe 
made for compressor pressure ratios of 1, 2, 3, 4, and 6, For com- 
parative purposes, the efficiency of the constant -pressur^^ jet- 
propu.lslon engine was computed for the same ccmpresc-or prcss\ire 
ratios . 

Calculations were also made to compare the thrust powers obtai tied 
from a .::iv3n size compressor as iirt:;t used with constant-volume com- 
ba.^tion and second^ with constant-pressure combustion, A ma.xiniuj:i 
heat input of 7i50 Etu per pound was assumed for the constant -volum.e 
combustion and a maximum, gas temperature of 1600^ F was assumed for 
the constant-pressure combustion, A range of compressor pressure 
ratios from 1 to 5 was investigated. 

The symbols used in the com.putations are given in appendix A, 
Details of thr. computations for the explosion jet-propulsion cngin::. 
arc described in appendix. and for the coustant-prc:ssure jet- 
propulsion engine, in appendix C, 



DEFINiriGNS OF TERMS 

Cycle effi cien cy 'Hcycle ^-^ the ratio of tiie net work of the 
thvrmicd^'Tiam.ic cycles to the heat absorbed from, the- fuel by the working 
fluid, ijicluding the fluid used ly the auxiliary engine driving the 
com.pressor. The efficiency of combustion is thus excluded from the 
ca'J.culat 3 ons , 
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Pro pulsive effi ciuncy t| 5 s the ratio of the useful propul- 
sive work to the'net work "added to the fluid by the jot-propulsion 
engine . 

CoDibined efficiency r\ is the ratio of the useful propulsive 
work to the heat absorbed from the fuel by the working fluid, 
including the fluid used by the auxilir.ry encine driving the com- 
pressor. The combined efficiency may bo obtained by multiplying 
the cycle .?nd propulsive of f icioncies, provided that they can bo 
evaluated . 

Blowdown is the portion of the explosion cycle following com- 
bustion during which enough gas is expelled from the combustion 
chamber to permit the pressure in the explosion chcjnber to -fall to 
the exhaust back pressure. 

ESTIM/vTED PEEFORMi\NCE OF THE EXPLOSION JET-PEOPULSION ENGINE 

The combined efficiencies of the explosion jet-propulsion 
engine at sea level and a speed of 400 miles per hour are shown in 
figure 3 for compressor pressure ratios of 1, 2, 5, 4, and 6. The 
maximum combined efficiency is about 10 percent. In general, the 
combined efficiency is loss at maximum heat input than at half the 
maximum heat input, although this difference is small. At low super- 
charger pressure ratios, the corabinud efficiency falls off rapidly 
at very low values of heat input. 

A comparison of the efficiencies of jet-propulsion engines 
usir/j; constant - volume combustion and constant-pressure com-bustion 
is shovn in figure 4. The constant volume of the explosion Jet- 
propulsion engine is more efficient at compressor pressure ratios 
below 3.0. A single-stage centrifugal supercharger is capable of 
producing a pressure ratio of 4. Inspection of figure 4 shows that 
the explosion jet -propulsion engine with a compression ratio of 4 
is about 4 percent less efficient than a constant-pressure jet- 
propulsion engine having the same compressor pressure ratio. 

The ratio of powers obtainable from these two types of engine 
with the same size compressors Ls shown in figure 5. The power 
obtainable with constant-presauro combustion is less than the power 
obtainable with constant-volume combustion and, of course, falls to 
the very low efficiency of an engine using the dynamic pressure of 
the air when the compressor pressure ratio is 1* 
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The advantage of the higher 9ific:ericy obtained ty super- 
charging is obtained at the cost of a large and heavy engine to 
drive the f^uper charger. Figure 6.r^hows that the po;Yer required by 
the compressor engine exceed:: the net thrust power when the super- 
charger presvsure ratio is 2.0 or greater. It therefore appears 
that supercharging is practical only for Dovf pressure ratios. 



DISCUSSION 

Reliability of calc u lations . - The trends of the perf orriiance 
curves shoi/vn in I'j gures 3, 4, and 5 were expected because exa.Tiina- 
tlon 01 the v/orking cycles of the explosion and constant-pressure 
jet-propulsion engines shows that the efficiency of the constant- 
pres:rure cyclo; must be zero with a cciripressor pressure ratio of 1, 
assuming no dynamic corxprcssion. I^jirthernicre, the explosion cycle 
permits expansion of most of the i^as from a much higher pressure 
than is available in a constant-pressure cycle and therefore usually 
has a higher cvcle efficiency. In spite of the lower cycle effi- 
ciency of the constant-i;ressure engine, its combined efficiency is 
expected to exceed the efficiency of the explosion iet-propulsion 
engine under conditions of optimum design because the propulsive 
efficiencj^ of the explosion jet-propulsion engine is very low as a 
result of the high jet velocities at the beginning of blowd^wn. 

The assu^nption was made in these calculations that the blowdown 
to atmospheric oressuro was complete. Consequently, the velccity of 
discharge during scavenging was negligible. It is possible, however, 
that the explosion vessel would blow down to supercharger pressure 
and the r^^sidual gases would be expelled at a volocit;/ corresponding 
to the pressure drop from supercharger pressure to atmospheric pres- 
sure. Calculations of combined efficiencies with this t^jie of opera- 
tion (shown in fig. 3 for comparison with performance vrith complete 
blowdown) Crhow lower efficiencies at high heat inputs but higher 
efficiencies at very low heat inputs than in the case of complete 
blowdown. 

Other factors that may lower the performance of the ex;jlosion 
jet-propulsion engine are energy losses in charging and scavenging 
the combustion chamber, poor scavenging of the combustion cham.ber, 
poor combustion, and degeneration of the ideal cjcle resulting from 
expulsion of gas through the nozzle before combustion is complete. 
Insufficient data are available to evaluate the signif -'cance of 
these factors and they we/.-^e <^heref ore not considered in the calcu- 
lations . 
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C>iar.n;lng. - The charging procuss In the explosion Jot-propulsicn 
onglmTmEjTZ similar to tho uniflow-type two-stroke cyclo engine In 
which inlet and exhaust valves are at opposite ends of the cylinders. 
The indicated mean effective pressures developed by a representativo 
two-stroke cycle engine at 13G0 cycles per minute (reference 4) indi- 
cates that effective scavenging may he secured. 

The Schmidt patent (reference 2) specified the utilization of 
inertia effects arising from blowdown to induce a fresh charge. 
Erickson (reference 5) has shown that considerable pressure resulting 
from inertia in the intaku system may be utilized. 

Suitability of the explo si on ^jet-propulsion engine . - The chief 
claim for the desirability of the explosion Jet -propulsion engine is 
its simplicity and consequent ease of development. Its efficiency 
is comparable with a constant-pressure jot-propulsion engine although 
the constant-pressure engine may bu expected to become the more effi- 
cient as materials for turbine blades are improved. 



CONCLUSIONS 

Theoretical calculations of the thermcd;^Tiamic cycles for an 
explosion jet-propulsion engine and a constant - pressure jet- 
propulsion engine indicate that: 

1. The combined efficiency of the explosion Jet propulsion 
engine (cycle efficiency times propulsive efficiency) is 8 to 10 per- 
cent as compared with 3 to 11 percent for a constant -pressure engine 
at a maximum gas temperature of 1600^ F and an aircraft speed of 

400 miles per hour. 

2. The explosion jet-propulsion engine is more efficient than 
the constant-pressure jet-propulsion engine at pressure ratios below 
5.0. 

3. Supercharging up to a pressure ratio of 4 increases the 
efficiency of the explosion Jet -propulsion engine. 

4. The power absorbed by the compressor in the explosion Jet- 
propulsion engine is less than in the constant -pressure Jet-propulsion 
engine . 

Aircraft Engine Eesoarch Laboratory^ 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, August 11, 1344, 



AFPEMT^IX A 
SYIIBOLS 

a pre^jsure-rase ratio ocourrinc dnring combustion 

b pressure-ris'^ r-^.lio of the comprescjor 

c ratio of sta^.;nation pr<^£oure to free-stream pressure 

p correction for oompressiDility , 1,064 at 400 miles per hour 

c specific heat of the gas at constant pressure, (Etu) /^slug)('^F) 

Jr 

Cv specific heat of the gas at constant vclurie, (Etu) /(slug) (^F) 



dp 

dt 



rate of expulsion of charge, (slug) /(sec) 
specific energy input, 2 iT ' 

V o / ^ 



F thrust force, (lb) 

h heat added to air during combustion, (Pta)/(lb air) 

ly impulse per cubic foot of vessel 

impu3.se per slu^-; of gas 

K internal drag coefficient, assioined to be zero 

T) combined efficiency of explosion or constant -pros sure jet- 

propulsion engine at an airspeed of 400 miles per hour 

r\r^^ adiabatic efficiency of the compressor, 0,7 

Tic com7jressor efficiency, assumed to be 0.8 

recycle cycle efficiency of compressor drivinr^ engine, 0.6 

rip propulsive efficiency 

rj.u turbine efficiency, assum.ed to be 0.9 

p-] exhaust back pressure, (lb)/(sq ft) 

Po stagriation pressure before inlet to compressor, (lb)/(sq ft) 



pressijre of pa^j eatering tarbinc^ (l'^)/(3q ft) 

pr^-rpir-} of curi oundinp ^.tmcspl-oro ^ (lb)/(sq ft) 

■Lot£:<i pr3SS'jre of res in vessel, a.i.'ter cor^pioticn of coinbustio 
(lb)/(sq ft) 

ratio of the s-cciric heats at constant volume and constant 
pressure, l.^C 

ratio of i.he specific heats at const.ant voLume and constant 
pressiii-^e, .''? 

ratio of the specific heats at constant volume and constant 
pressure, l.U 

gas constant, (ft-lb)/(siug) (^F) 

weight of gas re-naining in vessel at any instant, (sJu.^^) 
wei,p:ht of inltic;! charge, (s.lug) 

v/eight of charge remaining in v^ssol at end of an;/ assumed 
blovrdo-'/m process, (slug) 

denci.ty of air at atmospheric cond.itions, (slugs)/(cu ft) 

te^nperature of ras in vessel after completion of conibustion, 

temperature of a.ir entering supercharger, ^I'' absolute 

te.riYperature of air leaving supercharger, or at end or' com- 
pression, absolute 

tempcratiu-e of air entering co'';ipressor , accounting for adia- 
batic temperature rise to stagnation, absolute 

temperatui*e of f--as approaching turbinie, absolute 

velocity of aircraft 'fith recnect to eai'th, (fO/(sec) 

velocity of escaping gavS relative to airnlane, (ft)/(3oc) 

thrust work developed during blo^rrlcw.\, ( ft--lb)/(cn. ft' 

v/ork equivalent of heat added to riuid in auxiliary engine 
driving the compressor, or added to gas during com^justion, 
(ft-3b)/(ib' of f.luid passed tfirouprh nozzle of ;iet), or 
(ft-lbV(Blu^O 



total vYork available in adiabatic expansion, (ft-lt) /(slug) 
net thrust work, (ft-lh) /{slug of air) 

•York abstracted by turt-dne to drive compresaor, (it-lb)/(r:Iu 
effective thi'ust coefficient 
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APFEiJPIX B 



CALCULATIONS I'OR T.^IE FJLPLOSTON JET-FROFULSION ENGTI-^ 

The equation for Lhe combined efri.ciency of a jet-prcpulsion 
engine is: 

Ener.Q" supplied by fuel • ^ 

The net thrust work Is the tJirust work developed by the vessel 
blowing down minus the vrork required to brin^^ the charge air to a 
zero velocitj^ yd.th respect to the airplane. The energj' suppli-id 
bo the working fluid Includes the heat added to the air in the com- 
bustion cham.ber and the heat added t..c the working fluid in the aux-* 
iliary motor driving- the compressor. In com.puting the thrust work 
developed during blowdovm, it is necessary to determine the maximum 
amount of heat to be supplied to the cycle by the fuel. These com- 
putations therefore describe in turn (1) a derivation of the expres- 
sion for thruwst work of a vessel blowing dov/n, (2) th-.^ work of the 
fluid in the engine driving the superchar^jer , (3) a" determination of 
the maximum heat supplied, and (h) the final equation for the effi- 
ciency of an explosion jet-propulsion engine. 

Thrust developed by a vessel blowing down , - The vessel is con- 
sidered to be filled with its charge and combustion complete, with 
the gas pressure and temperature T^,. The vessel then llov/s 

dovm to atmospheric pressure p^. If the volum.e of the vessel is 
1 cubic foot the v/eight of the initial charge is slurs. The 

i:hrust force at any instant is 




The thrust work developed during the expulsion of the charge 
dp is 



Subptituting tho valuo o.f F nnd ir.teg:ratirif"; the left side ;/ives 



-7=1 



ir it is assiij-ned that the gas obeys the gener^.l :;a3 Igv,-, 
PV = 7fRT, tiien , 



/c ? 

Vf. = 223.7 I ° 



0/ 



^-1 



Y 



(3) 



Substituting; the value of from eqnati.on (3) in equation (2) 

and simplifying-': and converting to impulso ^^ei" slug of gas in cylindt?r 
before blowdovvn yields 

■ 1 • 



I T = 2 27 . 7 1 Z 



(h) 



where Z is the effective thrust coefficient :lefineJ as 



(?) 



Values of Z obtained by ai'itlL^netic inte^T^^t-i on of eq-ia- 
tion (5;) are shov/n in fi;p^re ?• 

The value of v'^s -ieteriTiined as follov;s: 

The vslae of a vras detemined by 

h - 



a = 



(6) 



(7) 



The value of c was deten^iined by 



c = 



'1 ? '^i 
21.17 



The value of ^.'^ is calculated fron 



= O.C;u2'iO b 



..71U 



1 - 

J-Uj 



'Vili^n the proper vr^.lar-p r.re substituted; eiur.tirr. (4) oc comes: 




(9) 



(10) 



The net thruRi voork i,« 



r: 



V / 

''Tor^ O '' fluiH in. th^- --^npiue driving the supercharger , - The 



work of the fluid in the engine: di^iving the supercharger '^s coir.- 
puted by dividing the enerfry requii'ed for adiabatic compression by 
the adiabatic efficiency of th<^ compressor and the cycle efficiency 
of the cor.pressor drivinr en?:ine: 



™ =-I- RT,(b^-2(>6_,) 1 



(n) 



The value of T^^ is eqnal to 



anr; 



= 2c2,OOG 



-0 



(1?) 



Ma xiiruia he ot supplied in explosio n. ~ It v/as a.^isumed that the 
coml nstion in nn explosion ;;'e t-propulsi'jn engine v/ould be siniil--.r 
to comlustion in an internal-conibust ion engine using spark igni.tion 
and that the ipaximim lieat ridded to a- pound of mixture in the spark- 
ignit:\on engin:- wotild lik'evrise be the Tnaxiuuim- added in y j:t- 
propulsion engine. Indicator -card analysis in reference 6 sho'^/^ed 
that the maximum heat wa^ delivered to the charge i-vith a fueL'-air 
ratio of 0.082. Analysis o^' the indicator card »''or tn:s fuel- air rat! o 
shov-'jd t^'^^t 7*^^^ Btu iTere ru]i]f^rl pr^r oound. 



Finest '..q u t io r ^ i^ or e-f r i cie^ncy of jet-p ro Oulsio !^ ^ ng i ne ^ 
From eo nation "H ) 

" J2, 2 ( TT^h '-T^uper charger"" ^"ork ) 
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Substitut.inR the proper val-aes from equations (9) and (]2) gives: 

1 

966(Fo/b ' ') Z - 10,700 
" 7 6 3h + 262, 000 (b^ • ^~ - IJ ^ 
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aFPEIID IX C 



CALCIJLATICHS FOR GCNS7AWT-PRSSSURE JET-FROrULSION E'r^GI!^ 

The efficiency of the constant-pressure jet-nrcpu].sion eni^jne 
is {jiven by the equation 

-^o^jtm (14) 

Tota l work available in ad '.ab-atic expansion . - The total work 
v/q availaiae in adiab.-itic errpaasion is ,;iven by the usual equation 
for the work of an air moLorj 



Y-.-l 



Yn-1 



(1?) 



y fork abstracted by turb ine. - Tlie work abstracted by tlie tur- 
bine is given by the equation: 



-1 '''A 



Y ,-1 



(16) 

Fropulsivo efficiency, - The propulsive t:;fficicncy Yvas coi^putcd 



by the use cf equation "71*4) of reference 7, vfhioh It:; 



1 & -'sjl + f. ^ K 

Heat added durinP: cornbusi-icn. - The heat added during combus- 



tion v;as cor-puted by the followi^ig equation j 

h - 776 Cr, (To - To) 



(17) 



le temperature T2 1^ computed by adding to the a-iiblsnt 
leric temperature (asr-umed to be ?60^ F absolute) the adia- 



The 
atmcsphc 

batic temperature. rij?e to stagn^ition before the intake to the com- 
pressor and the trmperature rise through thb comprei^'sor , 
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(a) A Jet-propulsion engine vising constant-press aire conbustlon. 
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B 



(b) A simple explosion jet-propulslon engine, 
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(c) A supercharged explosion jet-propulslon engine. 



r? 



A Combustion chamber 
B Air Intake 
C Compressor 
D Turbine 
E Nozzle 



P Spark plug 

0 Intake valve 
H Exhaust valve 

1 Motor for driving 

supercharger 



Figure 1* - Schematic diagrams of Jet-propulsion engines using 
cons tan t-pressiire and const ant -volume comtmstion. 
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PlgiEre 3.- Effect of heat Input and pressure ratio of the compressor 
on the combined efficiency of an explosion Jet-propulslon engine. 




^1 2 5 U 5 6 7 8 9 10 

Pressure ratio of compressor 

Figure U.- Comparison of efficiencies of Jet-propulslon systems 

using constant-pressure combustion and constant-volume combustion. 
Each system at sea level; constant-volume-combustlon engine 
using heat Input for maximum economy. 
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Figure 5-- Comparison of the thrust power obtainable from a 
given compressor in Jet-propulsion cycles using constant- 
pressure and cons tant-volume combustion. 
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Pressure ratio of compressor 

Figure 6.- Relation of useful thrust power of an explosion jet- 
propulsion engine to the power required to drive Its compressor 4 
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Figure 7,- Values of the effective thrust coefficient Z for a 
vessel periodically discharging from high pressure* 



